We demonstrated here that 4,5',8-trimethylpsoralen (trioxsalen) is a valuable probe for the structure of SV40 DNA-histone complexes. Trioxsalen readily penetrated intact cells and, in the presence of 340-to 380-nm light, covalently cross-linked DNA preferentially at the sites available for micrococcal nuclease digestion. Histograms of the lengths of the regions of SV40 DNA protected from cross-linking, as visualized by electron microscopy, indicated a repeating pattern of base pairs in DNA from both infected cells and virus particles. The ability of the trioxsalen probe to act in vivo and to map the location of protected regions may provide a powerful tool for analyzing the role of nucleosomes in the structure of the virus particle and in intracellular complexes such as transcription templates and replication intermediates.
Recent evidence from electron microscopy and endonuclease digestion has led to a model for eucaryotic chromatin that consists of a fiber of repeating "beads" or nucleosomes (20, 34, 36, 37, 46, 49) . Each nucleosome is thought to contain 140 to 200 base pairs of DNA wrapped around an octamer core consisting of two each of the histones H2a, H2b, H3, and H4 (1, 26, 48) . The lysine-rich histone Hi is thought to be complexed with the "bridge" or interbead regions of the fiber (35, 48, 51) .
Both the intracellular and viral nucleoprotein complexes of simian virus 40 (SV40) and polyoma virus have a structure similar to that of cellular chromatin. This structure consists of a ring of approximately 21 repeating units or nucleosomes made up of histones and DNA (6, 9, 15, 18, 23, 54) . Most of the original studies reported the absence of histone Hi in the viral nucleosome complex (9, 14, 17, 18, 28, 32, 40) ; however, recent reports indicate that histone H1 is associated with the intracellular complex when it is isolated under conditions of low ionic strength and minrimal protein degradation (50, 52, 36 ; M. DePamphilis, personal communication). The basic structure appears to be the same as that of cellular chromatin, so it serves as a useful model system. We shall refer to this SV40 DNA-histone complex as SV40 chromatin.
It has recently been shown that derivatives of the furocoumarins (psoralens) are valuable t Present address: Department of Microbiology, University of Oregon Health Sciences Center, Portland, OR 97201. probes for studying the structure of cellular chromatin (19) . These compounds readily penetrate intact cells or viral particles, intercalate into the DNA, and, in the presence of longwavelength UV light (365 nm), covalently add to the pyrimidines of the DNA (7, 27, 33, 38) . If two pyrimidines are adjacent and on opposite strands, covalent linkages can be formed at two positions on the psoralen derivative, thus crosslinking the two strands of the double helix (8, 10, 11) . It has been shown that the nucleosome structure is largely protected from cross-linking by 4,5',8-trimethylpsoralen (trioxsalen; Fig. 1 ) relative to purified DNA and that the region between nucleosomes is preferentially crosslinked by the compound (55) . Thus, trioxsalen is a powerful probe for the intracellular location of nucleosomes.
Because the SV40 chromatin complex is small and the SV40 genome has been studied in great detail, use of trioxsalen as a probe for the role of the nucleosome structure in viral regulation was explored. (12) by using a modification of the Kleinschmidt procedure (25) . Grids were rotary shadowed with 80% Pt-20% Pd or with tungsten, and microscopy was carried out on a Philips 201 electron microscope.
MATERIALS AND METHODS
Histograms of loop length were generated by projecting 35- (19, 55) . To determine whether this protection extended to intracellular SV40 DNA, cells permissively infected with SV40 were treated with [3H]trioxsalen and irradiated with UV light of 340 to 380 nm. Because trioxsalen had a limited solubility in aqueous solutions (0.6 ,g/ml), it was added in several saturating doses of 5 jig/ml each and irradiated for 30 min upon each addition. The irradiation device is constructed such that the cells can be irradiated in closed tissue culture dishes without detachment from the plastic surface. The entire irradiation took place between 36 and 48 h after infection, during the peak of viral DNA replication (Fig. 2) , and before the maximum production of completed viral particles. After irradiation, the viral DNA was extracted by the Hirt procedure (21) and purified, and the amount of covalently bound trioxsalen was determined. Figure 3 shows that the reaction with intracellular SV40 DNA reaches a plateau at approximately 1 trioxsalen per 40 base pairs of DNA. In contrast, purified DNA binds 1 trioxsalen molecule per 4 base pairs. This saturation level of protection from trioxsalen addition is the same as that seen for DNA in cellular chromatin in both whole cells and intact nuclei (55) .
Size distribution of the regions of intracellular SV40 DNA protected from crosslinking. To determine the size of the regions protected from cross-linking, SV40 DNA was isolated from infected cells that had been treated with trioxsalen and irradiated with UV light at 340 to 380 nm as described above. The DNA was denatured in the presence of formaldehyde or glyoxal and spread for electron microscopy as described above. The DNA appears as a series of loops (single-stranded DNA) and bridges or crossover points (cross-links) in Fig. 4 .
Supercoiled DNA was found to be unsuitable for this analysis because it would denature only to an extent sufficient to allow the molecules to lie flat on the Parlodion surface of the electron microscope grid and appear relaxed (30) . Therefore, the viral DNA was either nicked with pancreatic DNase (at 0°C) or cut with RI restriction enzyme and repurified before denaturation. The viral DNA was photographed, projected, and measured; histograms of the loop sizes were generated by computer. Figure 5 illustrates the histograms from SV40 DNA cross-linked in vivo at the peak of replication in the infectious cycle. The 20 Ci/mmol) at a concentration of 2 uCi/ml of medium for the 6 h immediately preceding extraction. The Hirt pellet was resuspended by homogenizing in a volume of TE equivalent to the supernatant volume, and portions from both fractions were counted. 5B), presumably due to a decreased probability of cross-linking between each nucleosome (see below).
When isolated nuclei from a wide variety of organisms are partially digested with micrococcal nuclease, the resulting DNA fragments are 200 base pairs and multiples of 200 base pairs in length (2, 22, 30, 41, 56) . Thus, the pattern of cross-links in intracellular SV40 DNA is consistent with a model in which the regions between nucleosomes are particularly accessible to trioxsalen, as well as to endonucleases. To test whether this pattern of a "monomer" and a presumptive "dimer" could have been generated randomly or by some artifact due to sequence or the electron microscopy technique, purified SV40 DNA was cross-linked at several doses of trioxsalen. Histograms of two different doses of trioxsalen each showed a relatively smooth curve (no dimer) in which the maximum peak shifts as a function of the extent of cross-linking ( Fig. 6 ; L. Hallick, unpublished data). This is a striking contrast from the pattern at different doses of trioxsalen administered in vivo.
Size distribution of the regions of SV40 DNA in virus particles protected from cross-linking. It has been reported that SV40 DNA and polyoma DNA in virus particles are also complexed with histones in a nucleosome structure (6, 15, 23 from permissively infected cells. After partial purification by sucrose gradient velocity sedimentation, the peaks were pooled, treated with [3H]trioxsalen, and irradiated. The complex was then digested with micrococcal nuclease, the DNA was purified by Pronase digestion and chloroform extraction, and the digested product was analyzed on polyacrylamide gel electrophoresis (Table 1) . If the trioxsalen were randomly distributed with respect to nuclease sites, the ratio of 3H to '4C would be expected to remain constant. On the other hand, if most of the trioxsalen adducts were located in regions of the DNA susceptible to nuclease, the digestion would preferentially remove 3H counts relative to "IC. The results clearly indicate that the ratio of 3H to "C decreases after digestion. The extent of this preferential digestion is actually a minimum estimate of the specificity of the trioxsalen reaction because trioxsalen-containing sub- strates are more resistant to nuclease than are untreated DNA (55). DISCUSSION It has been shown that intracellular SV40 chromatin is protected from photochemical cross-linking by trioxsalen to the same extent as cellular chromatin. The level of addition at saturation (1 trioxsalen molecule per 40 to 50 base pairs) remains constant for at least 2 h of additional irradiation and drug addition. In addition, we have demonstrated that [3H]trioxsalen is preferentially added to intracellular SV40 chromatin at sites susceptible to micrococcal nuclease digestion, presumably the regions between nucleosomes. This preference is far from absolute; however, the extent of digestion of cross-linked regions is underestimated by at least a factor of two due to the resistance of these regions to micrococcal nuclease digestion (55) . Approximately 25 to 40% of the trioxsalen adducts are covalently bound to both strands (8; L. Hallick and G. Weisehahn, unpublished data), and there is indirect evidence that these adducts are particularly resistant to digestion (55) . An alternative explanation that cannot be totally ruled out at this time is that the nucleosomes of the isolated SV40 chromatin undergo rearrangement during the irradiation or digestion procedures.
Histograms of the length of the loops generated by denaturing SV40 DNA cross-linked intracellularly or in virus particles indicate a preferential spacing between cross-links of approximately 200 base pairs. These histograms do not rule out a different (perhaps random) pattern for the addition of monoadducts of trioxsalen (60 to 75% of the trioxsalen). However, the results of micrococcal nuclease digestion make this possibility seem unlikely.
Preliminary analysis of those samples of SV40 DNA which had been cross-linked in vivo and cleaved by RI endonuclease did not reveal one unique loop pattern with respect to the RI cleavage site. However, this does not preclude the possibility that there may be a finite number of possible nucleosome arrangements, as recently reported by Ponders and Crawford (44), for both SV40 and polyoma DNA.
The appearance of dimer (approximately 400 base pairs) and even higher-order multimers is less obvious from histograms of SV40 DNA than it is from cellular DNA (19) . This suggests that the spacing between SV40 nucleosomes is more heterogeneous than that observed for cellular chromatin. This observation has been made in at least three other laboratories by different approaches (43; M. DePamphilis, personal communication; E. Daniell, personal communication). Perhaps this apparent variability in spacing is due to the constraints of a small covalently closed circle, to the instability (or lack) of the Hi association, to the relatively "active" state of the SV40 chromatin with respect to replication and translation, or to some combination of these factors.
The ease with which psoralen derivatives enter cells, nuclei, virus particles, and nucleoprotein complexes coupled with their specificity for specific sites on the DNA molecule makes them a valuable probe for the structure of transcription complexes, replication intermediates, and virus nucleoprotein cores.
